The Intelligent Building Agents Laboratory (IBAL) has been designed and constructed to demonstrate the potential for distributed, intelligent software agents to perform optimization of control systems in commercial buildings. This technical note describes the collection of experimental data to assess time-dependent variability of instrumentation in the air system. This result is combined with other uncertainty components to yield a single value of uncertainty for each instrument used to characterize the operation and performance of the air system of the IBAL.
Introduction
The Intelligent Building Agents Laboratory (IBAL) is a testbed for the evaluation and design of intelligent control algorithms. The facility emulates a small commercial building and includes both an air system and a water (hydronic) system. Within the air system, cooling loads are generated by Zone Simulators (ZSs), which emulate the zones that exist in a real building and contain electric heating elements and steam spray humidifiers. Standard commercial air-conditioning equipment, including air-handling units (AHUs) and variable-air-volume units (VAVs), supply cooling air to the ZSs. The hydronic system consists of chillers, a water side economizer (WSE), and a thermal storage tank that produce cold propylene glycol for the cooling coils in the AHUs. Each pump and fan in the system is operated using a variable-frequency drive (VFD). The hydronic side of the system was fully described in TN1933 [1] , and the air side was described in TN2025 [2] . The laboratory contains nearly 300 sensors and controlled devices.
Each sensor in the IBAL has a measurement uncertainty due to contributions from sources including calibration, data acquisition, and time-dependent effects. TN1933 and TN2025 discuss calibration and data acquisition uncertainty in detail. TN1970 [3] describes the method of assessing time-dependent effects and combining all the uncertainty components into a single value for each sensor in the hydronic system. This document addresses the timedependent variability for the air system and how it is combined with the instrument uncertainty. Flow rate, pressure, and power consumption are the key values measured for the five fans, and position is the key value measured for the eleven damper and five steam valve actuators. Figure 1 shows the major components in the air system. OAU is the outdoor air unit and EXFs are the exhaust fans. The dampers are labeled with a D and valves are labeled with a V. The valves are used to modulate the flow rate of steam to the humidifiers. Figure 2 shows the locations of pressure and airflow measurements.
TN1970 presents the uncertainty calculation method in detail, so it will not be duplicated in this report. The final uncertainty applied to the measurements is, where relevant, a combination of: time-dependent variability, calibration uncertainty, uncertainty of the data acquisition system, and manufacturer-specified uncertainty, summed in quadrature. The calculations use a 95 % confidence interval [4] . The time-dependent variability is calculated from data collected from experiments run over multiple days. The change in the instrument reading from day to day is quantified as the time-dependent variability as described in TN1970; the next section describes the experiments used to collect the necessary data. 
Experimental Design
This section contains a test matrix for each fan, damper, and valve in the air system. The test matrices were generated based on the anticipated system operating conditions, and the test results were used to calculate the time-dependent variability of each instrument. In all cases the fan speed is controlled by the VFD setting, which ranges from 0 Hz (no flow) to 60 Hz (maximum flow). The damper actuators in the main duct and VAVs operate based on a control voltage from (0 to 10) V and (2 to 10) V, respectively, and the valve actuators operate based on a control voltage from (2 to 10) V.
Fan Test Matrices
There are five fans in the system: OAU, AHU1, AHU2, EXF1, and EXF2. For each fan test the only variable is the fan speed; all other fan speeds and damper positions are held constant (Table 1 ). All valves were closed during the fan tests except for V2 during the OAU tests. The steam line was connected to the humidifier during these tests, so when V2 was open the fan had to be on prevent steam from condensing inside the unit. Tables 2 through 4 show the fan speeds for each day of testing for each fan. The order in which the fan speeds were applied was randomly selected. Each fan was tested independently of the others. For example, on Day 1 the four runs for the OAU test were conducted first, with each run lasting 15 minutes. All other fans were set to the speed indicated in Table 1 . Then, the four runs for Day 1 of the AHU1 test were conducted, and so on. 
Damper and Valve Test Matrices
The repeatability and reproducibility of damper and valve position is assessed by randomly actuating the device multiple times on different days. Steam was actively entering V2 during the test runs, so the OAU fan and V2 were tested at the same time. Upstream steam valves were closed for V14, V15, V16, and V17, so those valve actuators, and all damper actuators, were tested with the fans off. Tables 5 through 10 show the test matrices for the damper and valve actuators. D3  D4  D2  D3  D4  D2  D3  D4  D2  D3  D4  D2  D3 3.5 9.5 1.5 9.5 5.5 9.5 0 3.5 5.5 0 4 0 7.5 0 3.5 7.5 7.5 3.5 0 3.5 1.5 5 5.5 0 5.5 1.5 9.5 5.5 5.5 7.5 1.5 5.5 6 9.5 3.5 7.5 7.5 3.5 1.5 1.5 9.5 9.5 9.5 5.5 7.5 9.5 1.5 0 5.5 3.5 3.5 3.5 5.5 2 0 5.5 7.5 5.5 1.5 9.5 5.5 0 0 0 3 1.5 9.5 0 3.5 3.5 1.5 7.5 9.5 1.5 1.5 4 7.5 1.5 5.5 7.5 5.5 7.5 9.5 5.5 9.5 3.5 5 3.5 3.5 1.5 9.5 9.5 0 0 1.5 5.5 7.5 6 9.5 0 3.5 0 7.5 3.5 1.5 7.5 7.5 9.5 
Complete Test Plan
For every test, data were collected on five different days. For each fan the individual run of each test lasted at least 15 minutes, and for each valve and damper actuator the individual run of each test lasted at least 7 minutes. These timeframes were selected so that the system had time to reach steady state and then acquire at least 20 data points (sample rate of 0.1 Hz).
Results
This section presents the uncertainty results for the fans, dampers, and valves. The figures present the mean results and the absolute and relative uncertainties.
Fans
Figures 3 through 7 show the mean airflow, power, and pressure as a function of fan speed for each fan. Error bars are included on each data point, though in some cases they are too small to be seen. For the AHUs, the return airflow has an unusual shape, exhibiting a minimum somewhere near the middle of the power range. For AHU1, the airflow dips to near zero at 30 Hz and for AHU2 the airflow dips to its lowest point at 45 Hz. The reason for this behavior is the combined fan curve of the AHU and the EXF associated with that AHU, as well as the system pressure. For example, when the AHU1 and EXF2 fans operate at 30 Hz, there is no return airflow. This means that the airflow from the AHU1 fan is the same as the airflow from the EXF2 fan. Return flow results from the AHU generating more airflow than the EXF. The point at which the two fans balance (30 Hz in this case) will vary based on the position of the dampers, which will change the system pressure and the operating point on the combined fan curve. Figures 8 through 12 show the total uncertainty for the fan measurements. When the relative uncertainty is greater than 10 %, it is because the value of the measurement is near zero and therefore the absolute uncertainty is divided by a very small number. 
For the return airflow, which does not display a consistent trend, the uncertainty is based on the maximum of the measured uncertainties. The coefficients for each curve (see Eq. 1) and the R 2 value of the curve fit are given in Table 11 . The Channel column is the data acquisition channel number assigned to the measurement and S/N is the serial number of the instrument. For the airflow measurements, the manufacturer uncertainty dominates over the timedependent variability, but for the other measurements the time-dependent variability is dominant. The Appendix contains tables with these data.
Dampers and Valves
For the dampers and valves, the variability of the feedback signal is assumed to be a reasonable proxy for the damper/valve position, which may be important when that signal is used by the control system to determine or set the current or future damper/valve position. Figures 14 through 17 show the feedback signal (position) versus the control signal for each device. Error bars are included in the plots, though in general they are so small that they are not visible. D2, D3, D6, and D7 do not operate across their full theoretical range of voltages. For example, when D7 ( Figure 15 ) receives a control signal of 9.5 V, the feedback signal is approximately 7.7 V instead of 9.5 V, which is only slightly greater than the feedback when the control signal is 7.5 V.
There are a couple of possible causes for this mismatch: 1) the two signals should match but the actuator is not working correctly; 2) there is a mismatch between the linkage on the damper and the actuator (e.g., the damper fully opens/closes before the actuator has moved through its full range). The actuator for D6 was removed and the damper was manually opened and closed to determine if the damper was operating over its full physical range.
When the damper was fully open, the feedback signal was still well below 9.5 V, supporting the latter explanation. Figures 19 through 22 show the total uncertainty for each damper and valve actuator (see TN1970 for a full explanation of total uncertainty). In general, the uncertainty is less than 0.1 V, but in a few cases the uncertainty is larger. The relative uncertainty is generally less than 5 %; where the relative uncertainty was large, it was excluded from the figure (see the Appendix for the full data set). There are two reasons for the large uncertainties. First, when the damper position is near zero the uncertainty is divided by a small number, which can cause the relative uncertainty to be large. Second, some dampers display a large range of feedback values at the fully open position. D2, D3, D6, and D7 were mentioned earlier because the damper does not operate across the actuator's full range, and, as shown in Table 12 , those dampers have greater uncertainty at the upper range of control signals. In addition, D6 and D8 have greater uncertainty at the low end of their range. The timedependent variability dominates the uncertainty calculation (see the Appendix for data tables). 
Summary
This report presented the total measurement uncertainty of instruments in the air system associated with fans and the actuators for dampers and steam valves. Those calculations included the time-dependent variability of these devices. The results of this analysis will be used in reporting the uncertainty of measurements in the IBAL in future publications. Now that the uncertainties have been established, the strength of the conclusions drawn from experiments in the IBAL can be determined. Tables 13 through 33 contain the full uncertainty data from Figures 8 through 12 and 18  through 22. Tables 34 through 43 show the ratio of time-dependent variability to the instrument and manufacturer uncertainty: 
Appendix: Uncertainty Data
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